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This  final  technical  report  on  ARO  Contract  No.  DAAL03-89-K-0170  provides  a 
summary  of  the  salient  accomplishments  during  the  contract  period.  As  required,  it  also  lists  the 
graduate  students  supported  by  the  contract  and  the  publications  resulting  from  the  work 
supported  by  this  contract. 
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II.  OBJECTIVES  AND  SCOPE; 

The  objectives  of  the  contract  were  to  examine  the  optical  and  vertical  transport 
properties  of  III-V  semiconductor  structures  of  relevance  to  optoelectronic  applications  and 
grown  on  pre-pattemed  substrates.  The  scope  of  the  work  was  limited  to  (1)  examining  the 
consequences  for  the  optical  and  vertical  transport  behavior  of  growth  of  the  strained 
InGaAs/AlGaAs  single  and  multiple  quantum  well  structures  on  unpattemed  and  pre-pattemed 
GaAs(100)  substrates  with  the  objective  of  realizing  strain  relief  without  defect  generation  and 
(2)  the  growth  of  the  lattice  matched  GaAs/AlGaAs  system  on  unpattemed  and  pre-patterned 
GaAs(lll)B  with  the  objective  of  examining  the  potential  of  a  one-step  growth  control  approach 
to  the  realization  of  three -dimensionally  confined  structures.  Accordingly,  the  technical 
summary  that  follows  is  divided  into  the  three  categories  of, 

:Optical  studies  of  InGaAs/AlGaAs  on  unpattemed  and  pre-pattemed  GaAs(lOO) 

:Transport  behavior  of  InGaAs/AlGaAs  resonant  tunnelling  diodes  on  unpattemed  and 
patterned  GaAs(lOO) 

:GaAs/AlGaAs  growth  on  unpattemed  and  patterned  GaAs(lll)B. 

III.  SUMMARY  OF  SALIENT  ACCOMPLISHMENTS: 

IIIA  OPTICAL  STUDIES  OF  STRAINED  GROWTH  ON  UNPATTERNED  AND 
PATTERNED  SUBSTRATES 

The  optical  behavior  of  the  strained  InGaAs/AlGaAs  single  and  multiple  quantum  wells 
grown  on  GaAs(100)  substrates  offers  (1)  an  ideal  test  system  for  examining  fundamental  aspects 
of  the  role  of  strain  in  epitaxy  and  possible  approaches  to  minimizing  strain  induced  defects  via 
alternative  means  of  strain  relief,  and  (2)  a  system  of  considerable  technological  significance  to 
GaAs  based  optoelectronic  and  electronic  technology  for  applications  in  optical  communication, 
information  processing,  computing  and  high  speetVhigh  power  electronics.  Its  potential  for  the 
latter,  however,  depends  upon  establishing  the  limits  on  material  quality  and  device  structures 
capable  of  delivering  the  performance  capability  demanded.  Such  limits  arise  from  inherent 
features  of  strained  growth  and  the  inevitable  formation  of  defects  deleterious  to  the  material 
properties  upon  which  rests  the  device  performance.  Defect  formation  is  an  inevitable 
consequence  of  the  need  to  relieve  the  increasing  strain  energy  with  increasing  thickness  of  the 
strained  layer  system  for  a  given  lattice  mismatch.  For  applications  in  electro-absorption  or 
electro-refraction  based  modulators  and  detectors,  the  active  device  layer  thickness  generally 
needed  is  -Ipm  to  achieve  the  required  optical  interaction  path  length.  Such  thicknesses  are 
generally  significantly  beyond  the  so-called  critical  layer  thickness  for  defect  (dislocation) 
generation  for  the  In  compositions  demanded  by  the  operating  wavelength  (e.g.  0.98pm 
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wavelength  coiresponding  to  the  Epdoped  (^tical  fibers  requires  In  compositions  near  20%  with 
an  attendant  strain  of  ~1.8%  and  a  critical  thickness  estimated  to  vary  between  13oA  to  SSOA^*^). 
Thus  alternative  means  of  achieving  strain  relief  are  required  Growth  on  pre-pattemed  mesas 
offers  such  an  approach  and  the  focus  of  the  studies  undertaken  under  this  contract  was  to 
uncover  the  limits  and  trade-offs  involved. 

To  this  end,  we  undertook  comparative  studies  of  the  optical  absorption  and  electro¬ 
absorption  behavior  of  InGaAs/AIGaAs  single  and  multiple  quantum  wells  grown  on  GaAs(lOO) 
unpattemed  and  patterned  substrates  over  a  range  of  (i)  in  and  A1  compositions,  (ii)  individual 
and  multilayer  thicknesses,  (iii)  the  kinetics  attendant  to  the  growth  conditions,  and  (iv)  the  size 
and  nature  of  the  patterned  mesas.  Although  the  scope  of  the  work  within  the  resources  provided 
by  this  contract  was  limited  primarily  to  studies  of  the  optical  behavior,  naturally  an 
understanding  of  the  why  of  the  observations  demanded  examining  the  nature  and  the  density  of 
dislocations  and  other  deleterious  defects  and  establishing  connections  between  the  optical 
behavior,  the  nature  and  density  of  defects,  and  the  growth  conditions.  Fortunately,  studies  of 
the  defects  via  high  resolution  electron  microscopy  were  sponsored  during  an  overlapping  time 
period  by  the  Office  of  Naval  Research  and  indeed  the  focus  on  optical  studies  under  this  ARO 
contract  was  chosen  for  both  its  intrinsic  value  and  complementary  nature  to  the  defect  studies, 
the  synergism  between  the  two  leveraging  the  investments  of  each.  The  completeness  of 
scientific  presentation  demands  that  the  salient  accomplishments  summarized  below  not  only 
note  the  results  of  the  optical  studies  but  also  relate  them  to  the  knowledge  gained  from  the 
structural  studies.  We  have  thus  followed  this  integrated  scientific  approach  but  it  is  to  be  clearly 
recognized  that  the  resources  of  this  contract  were  focused  on  the  optical  studies. 

IlIAl  Optical  Behavior  and  Defect  Reduction  via  Growth  on  pre-patterned  GaAs(lOO) 

it  has  been  recognized  that  the  efficiency  of  multiple  quantum  wells  (MQW)  as  the  active 
material  in  quantum  confined  Stark  effect  (QCSE)  based  light  modulators  depends  on  (1)  the 
shift  of  the  first  electron-heavy  hole  exdtonic  transition  per  unit  drive  voltage,  (2)  the  linewidth 
of  the  exciton  with  and  without  external  bias,  and  (3)  the  rate  of  oscillator  strength  decrease  with 
increasing  bias.  These  factors  have  been  considered  in  optimizing  the  lattice  matched  (i.e. 
unstrained)  GaAs/AlGaAs  MQW  structures  for  electro-absorption  modulators'**^.  Additional 
considerations  are  required  for  optimizing  the  lattice  mismatched  InGaAs/GaAs  MQWs  for  use 
in  light  modulators  because  of  the  following  reasons:  1)  The  lattice  mismatch  between  InGaAs 
and  GaAs  causes  degradation  of  the  growth  front,  defect  generation  beyond  a  critical  thickness 
for  a  given  in  content,  and  the  tendency  for  three  dimensional  growth  mode.  These  impose 
limitations  on  the  choice  of  the  InGaAs  layer  thickness  and  In  composition.  2)  Since  the  well 
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layer,  where  most  of  the  wavefunction  resides,  is  an  alloy  (InGaAs),  the  alloy  scattering  plays  a 
role  in  determining  the  exciton  linewidth  dependence  on  the  well  width. 
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:Unpatterned  Substrates 

Motivated  by  the  above  considerations,  we  at  first  carried  out  systematic  studies  of  the 
electro-absorption  behavior  of  InxGaj.xAs/GaAs  single  quantum  wells  (SQWs)  and  MQWs  in 

order  to  examine  1)  the  relation  between  the  exciton  linewidth  and  the  well  width  for  various  In 
compositions  in  the  MQWs,  and  2)  the  minimum  barrier  width  required  to  effectively  isolate  the 
quantum  wells  (QW). 

Figs.  1  (a)  and  (b)  show  the  5K  PL  results 
on  two  typical  samples  (RG900704  and 
RG900710),  each  containing  four  SQW  of  well 
widths  16  monolayer  (ML),  21ML,  28ML  and 
35ML  and  In  content  0.13  and  0.20,  respectively. 
They  were  chosen  to  cover  the  range  of  practical 
value  to  quantum  confined  Stark  effect  (QCSE) 
devices  and  to  be  distributed  evenly  in  both  well 
width  and  exciton  transition  energy  range.  The 
growth  sequence  is  thin  well  to  thick  well  in  order 
to  minimize  the  possibility  of  dislocations 
generated  in  one  well  from  propagating  into  the 
subsequent  wells.  Very  thick  GaAs  barriers  of 
****  ‘’Vw^ENGTH^Ar*  18QML  were  grown  between  the  SQWs  to 

Fig.  1  5K  pbotoluminesecence  from  (a)  sample  prohibit  electronic  communication  between  the 
RG900704 and  (b) sample  RG 900710.  wells.  Such  thickness  is  also  found  through 

reflection  high  energy  electron  diffraction 
(RHEED)  studies  to  be  adequate  for  recovering  the  surface  to  the  same  condition  as  the  starting 
point  of  the  previous  wells. 

In  the  PL  measurements,  the  excitation  energy  of  a  Ti-sapphire  laser  was  tuned  at  8450A, 
slightly  below  the  GaAs  bandgap  and  above  all  the  exciton  transition  energies  of  interest.  The 
excitation  power  was  varied  from  O.OlW/cm^  to  lOW/cm^.  The  peaks  are  quite  symmetric  and 
remain  unshified  under  all  excitation  powers,  indicating  the  excitonic  nature  of  these  transitions. 
The  PL  is  found  to  be  very  efficient  and  is  estimated  to  be  1  to  2  orders  of  magnitude  more 
efficient  than  that  from  GaAs/Alo.3Gao.7As  SQW  samples.  Unlike  the  GaAs/AIGaAs  QWs  in 
which  the  exciton  PL  intensity  is  found  to  increase  linearly  or  superlinearly  with  increasing 
power*,  it  is  found  to  increase  sublinearly  with  increasing  power  in  these  InGaAs/GaAs  samples. 
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The  linewidths  remaio  almost  constant  for  excitation  power  <  IW/cra^  and  start  to  increase 
beyond  IW/cm^,  the  behavior  near  the  exciton  tail  changing  faster  than  that  at  half  maximum. 
These  linewidths  were  generally  amongst  the  narrowest  found  in  the  literature  at  the  time.  Note 
that  there  exists  a  minimum  linewidth  in  the  well  width  range  studied  For  the  x  =  0.13  sample 
(RG900704),  this  minimum  linewidth  is  found  to  lie  in  a  rather  wide  region,  between  28  ML  and 
35  ML.  This  exciton  linewidth  minimum  behavior  becomes  more  evident  at  higher  In 
composition  as  seen  in  sample  RG  900710  (x  =  0.20)  where  the  minimum  is  located  at  28  ML. 
This  behavior  is  different  from  the  linewidth  -  well  width  relation  previously  reported  for  the 
GaAs/AlGaAs^>®  and  the  InGaAs/GaAs  systems^.  The  minimum  linewidth  of  4.2  meV  for  the  x 
=  0.13  sample  and  6.2  meV  for  the  x  =  0.20  sample  is  found  to  satisfy  the  x(l-x)  rule  closely, 
indicating  that  the  alloy  scattering  contributes  an  important  factor  to  the  linewidth  in  this  class  of 
samples.  This  phenomenon  can  be  understood  by  taking  into  account  the  interfacial  and  alloy 
scattering,  as  well  as  the  possible  degradation  in  growth  front  for  thicker  InGaAs  layers^. 

Guided  by  the  above  noted  findings  on  SQWs,  we  grew  appropriate  MQWs  and  exam* 
ined  their  behavior  with  a  particular  eye  towards  their  use  in  electroabsorptive  modulators.  In 
order  to  maximize  the  efficiency  of  the  MQW,  i.e.  maximum  absorption  change  per  unit  external 
bias,  it  is  necessary  to  minimize  the  QW  barrier  thickness.  This  is  particularly  important  for  a 
MQW  placed  inside  an  asymmetric  Fabry-Perot  (FP)  cavity  since  the  FP  mode  wavelength  is 
sensitive  to  the  thickness  of  the  cavity  and  thus  the  growth  nonuniformity  across  the  sample.  The 

barrier  width  can  be  reduced  to  a 
minimum  thickness  sufficient  for  isolating 
the  wells  without  compromising  the 
electro-absorption  behavior.  We  calculated 
the  minimum  barrier  widths  by 
considering  the  MQW  as  a  superlattice  and 
determining  the  barrier  width  for  a  given  x 
and  well  width  such  that  the  width  of  the 
superlattice  miniband  is  one  order  of 
magnitude  smaller  than  the  room 
temperature  FWHM  of  the  excitonic 
feature  in  a  good  quality  MQW.  MQWs 
with  barrier  widths  >  this  critical  value 
were  grown  and  their  absorption  behavior 
and  electro-absorption  behavior  measured 
and  compared  on  a  per  well  basis.  Fig.  2 
shows  the  absolute  value  of  the  maximum 
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change  in  the  absoiption  coefficient  (lAalij^ax)*  (^)  exciton  peak  and  (b)  in  the  exciton 

tail  region  for  sample  RG900420,  a  50  period  MQW  p-i-n  structure  with  35ML  wide 
IiVl.llGao.ggAs  wells  and  70ML  wide  GaAs  barriers  and  sample  RG900802,  a  similar  structure 
with  lno.13Gao.g7As  wells  but  reduced  barrier  width  of  44ML.  The  In  compositions  across  the 
2cm  X  2cm  wafer  for  these  samples  are  0.11±0.01  and  0.13±0.01,  respectively.  For  proper 
normalization,  the  absorption  coefficient  is  extracted  by  accounting  for  only  the  total  thickness  of 
the  active  well  layers  and  the  electric  field  is  extracted  by  taking  into  account  the  built-in  electric 
field.  While  no  significant  difference  was  found  in  these  two  samples  at  zero  bias,  the  lAajmax  for 
sample  RG900802  is  slightly  larger  near  the  exciton  peak  but  smaller  in  the  exciton  tail  region, 
possibly  due  to  the  faster  reduction  in  oscillator  strength  under  bias  for  thinner  barriers. 

As  an  increase  in  the  well  depth  via  introduction  of  A1  in  the  barriers  and/or  increase  in 
the  In  content  in  the  well  provides  a  trade-off  between  the  exciton  linewidth,  the  absolute 
oscillator  strength,  the  rate  of  shift  of  the  exciton  position  with  applied  bias,  and  the  rate  of 
oscillator  strength  decay,  we  also  examined  the  behavior  of  AlyGai.yAl  /  InxGai.xAs  / 
AlzGai-zAs  symmetric  (y=z)  and  asymmetric  (y»*z)  SQWs.  We  succeeded  in  growing  high 
quality  single  quantum  wells  in  the  highly  strained  AlxGaj.^As  /  Ino  26^30.74^5  /  Al^Ga^.^As 
system  with  0  a:  x  ,  z  ^  1.0,  using  RHEED  oscillation  behaviour^O  as  a  guide  for  finding 
optimised  regimes  of  growth  conditions.  Photoluminescence  linewidths  of  5  to  6  meV  for  0.30 
a:  X  ,  z  3E  0.70  were  achieved.  These  results  have  set  the  stage  for  growth  of  high  In  and  A1 
bearing  strained  MQWs  with  the  high  quality  needed  for  their  use  in  electroabsorptive  or 
electrorefractive  asymmetric  FP  modulators. 

The  above  noted  finding  were  reported  in  publications  1,2  and  3  noted  in  sec. IV. 

:Pafterned  Substrates 

Having  arrived  at  a  reasonably  good  behavior  of  MQW  absorption  and  electro-absorption 
characteristics  permitted  by  growth  on  unpatterned  substrates,  we  next  examined  the  possibility 
of  improved  behavior  through  growth  on  pre-patterned  GaAs(l(X))  mesas.  To  establish  bounds 
on  the  advantage  to  be  had  we  examined  growth  of  single  InxGai-xAs  layers  and  InGaAs/GaAs 
MQWs  as  a  function  of  (i)  x  up  to  0.25  and  (ii)  the  growth  conditions,  on  GaAs(lOO)  substrates 
having  mesas  in  the  form  of  long  ridges  with  widths  down  to  submicron  regime,  as  well  as  mesas 
of  rectangular  shapes  with  linear  dimensions  down  to  ~10  pm. 

The  GaAs(100)  substrates  were  patterened  using  conventional  optical  lithography  and 
wet  chemical  etching.  For  the  studies  aimed  at  establishing  the  limits  of  the  advantages  to  be  had 
in  terms  of  maximum  individual  layer  thicknesses,  parallel  sets  of  narrow  mesas  aligned  along 
the  [Oil]  direction  were  employed.  This  choice  was  made  to  eliminate  complications  arising 
from  significant  interfacet  migration  effects  found  for  growth  on  mesas  aligned  along  [Oil]  even 
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for  lattice-matched  systems^^.  Patterning  etches  were  carried  out  in  a  solution  of 
NH40H:H2C>2;H20(1:1:5)  and  a  final  free  etch  was  carried  out  in  NH4OH:H2O2:H2O(4:l;20) 
prior  to  loading  the  sample  into  the  growth  chamber.  Substrates  contained  both  patterned  and 
unpattemed  regions  in  order  to  compare  the  effects  of  patterning  within  the  same  growth.  A  25A 
Alo.5Gao3As  marker  layer  was  laid  down  immediately  following  oxide  desorption  from  the 
substrate  so  as  to  delineate  the  precise  profile  of  the  starting  pattern.  The  arsenic  pressure  was 
kept  at  about  30%  higher  than  the  critical  pressure  required  to  maintain  an  As-stabilized  (2x4) 
surface.  The  transmission  electron  microscopy  (TEM)  specimen  were  made  from  within  3mms 
of  one  another  to  eliminate  any  compositional  variations  arising  fi’om  flux  nonuniformity. 


Fig.  3(a) 


Fig.  3(b) 


In  Fig.  3(a)  is 
shown  a  representative 
(200)  dark  field  TEM  mi¬ 
crograph  showing  a  2500A 
thick  Ino  .  1  iGao.89As 
growth  in  the  unpatterned 
region.  One  observes  a 
number  of  60*  interfacial 
misfit  dislocations  running 
parallel  to  the  mesa  length 
with  a  mean  spacing  of 
~150oA  (indicated  by  ar¬ 
rows  in  the  picture).  Given 
that  the  thickness  of 
Ino.l1Gao.89As  layer  is 
more  than  four  times  the 
nominal  critical  thickness, 
the  presence  of  misfit  dis¬ 
locations  is  to  be  expected. 
Fig.  3(b)  shows  the  same 
growth  on  a  mesa  with  a 
width  of  -Ipm.  By  con¬ 
trast,  no  misfit  dislocations 
in  the  mesa  region  and 


running  perpendicular  to 


the  mesa  width  can  be  seen  at  the  interface.  From  areal  measurements  of  the  Ino.11Gao.89As 


growth  on  the  mesa  and  their  comparison  to  the  measured  thickness  of  the  Ino.11Gao.89As  layer 
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Transmission  (a.  u.) 


migration  of  material  between  the 
mesas  and  the  base  region  adjacent 
to  them.  Hence  the  mean  alloy 
composition  on  the  mesa  is,  within 
1%,  the  same  as  that  on  the 
unpatterned  region. 

Fig.  4  (200)  dark  field  cross-seclional  TEM  micro  graphs  showing  Similar  Studies  with  in- 

ih«  l^A  Ino.a^«o.75As  “"“I  «  creasing  x  revealed  that  at  x-  0.25 

edge  (b)  region  of  a  mesa  with  width  of  ~l^m.  the  base  region  ® 

in  between  mesas  (c)  and  the  non-pattemed  region(d).  the  critical  thickness  for  dislocation 

generation  saturated  at  the  unpat- 

o 

temed  substrate  value  of  ~130A  for  mesas 


thickness  of  such  a  multilayered  structure 
made  from  a  combination  of  the  theory  for 

a  free  standing  MQWl  and  any  one  of  the 

Fig.5  Op] ical  transmission  behavior  of  sample  RG891 110  i  .  <■ _ .......  ««  « 

for  the  MOW  ^  prevalent  expressions  for  an  epilayer  on  a 


Wavelength  (A) 


in  the  non-patterned  region,  we 
find  that  there  has  been  no  net 


down  to  1pm  width.  This  is  illustrated  in 
Fig.  4  and  provides  an  important  guideline 
to  the  growth  of  MQWs  for  the  purpose  of 
examining  their  absorption  and  electro¬ 
absorption  behavior  as  discussed  next. 

We  now  turn  to  the  behavior  of 
MQWs  grown  on  patterned  GaAs(lOO).  In 
Fig.  5  is  shown  the  optical  behavior  of 
sample  number  RG891110  which  consists 
of  100  periods  of  I  no,  20^^0.80  As(28ML) 
/GaAs(56ML)  grown  on  a  patterened 
GaAs(lOO)  substrate.  Both  the  unpatterned 
region  and  the  patterned  region  (mesa  size 
of  I6xl8pm  and  pitch  of  40pm)  were 
studied.  The  total  thickness  of  the  MQW  is 
(79.24A  +158.48A)  x  100  =  2.377pm,  not 
accounting  for  the  elongation  in 
layers  brought  on  by  the 
Poisson  effect.  Estimation  of  the  critical 
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substrate  given  in  references  2  and  3  give  values  ranging  from  153Ato  525lA.  The  transmission 
spectra  were  measured  using  a  collimated  beam  obtained  from  a  SOW  tungsten  halogen  lamp 


with  a  lOOx  microscope  objective  lens.  The  beam  size  on  the  sample  was  2  to  3pm.  A  SPEX 


1704  monochromator  with  slit  setting  for  2A 
and  a  LN2-cooled  Ge  detector  was  used  for 

detection.  The  spectra  were  normalized  to  the 
system  response.  The  unpatterned  region 
shows  no  excitonic  features,  indicating  a  high 
density  of  defects  in  the  active  region.  By 
contrast,  the  MQWs  growth  on  top  of  the 
mesas  and  in  between  the  mesas  show  not 
only  the  usual  heavy  hole  (hh)  to  first  confined 
electron  (le)  excitonic  transitions  at  ~lpm 
wavelength,  but  even  the  light  hole  (Ih)  to  le 


and  second  hh  to  second  electron  excitonic 
features  are  resolved,  indicating  the  high 
quality  of  the  MQW  and  low  defect  density  in 
these  regions.  The  HWHM  of  the  exciton  (hh- 
le)  for  the  MOW  in  the  region  between  the 
mesas  and  on  top  of  the  mesa  are  6.2meV  and 
14meV,  respectively.  The  assignment  of  the 
excitonic  features  is  based  on  good  agreement 
with  calculations  carried  out  within  the  usual 
effective  mass  approximation  and  accounting 
for  the  strain^. 


Fig.  6(b) 


Fig.  6(c) 


The  higher  quality  of  the  transmission 
behavior  in  the  valley  regions  compared  to  the 
mesa  top  was  unexpected  and  led  us  to 
examine  the  structural  quality  of  the  MQWs  in 
the  above  discussed  three  regions. 

In  fig.  6(a)  is  shown  a  TEM  image 
contrast  taken  with  the  electron  beam  along 
the  [iiO]  azimuth  for  a  specimen  prepared 
from  the  unpattemed  region.  As  expected  a 
large  number  of  structural  defects,  including 
threading  dislocations,  are  present  throughout 
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the  MQW  structure.  Fig.  6(b)  shows  the  corresponding  image  contrast  picture  taken  from  the 
central  area  of  a  mesa  in  the  patterned  region.  In  the  growth  direction,  the  region  shown 
corresponds  to  the  middle  region  of  the  ~2.4^m  thick  MQW.  Remarkably  perfect 
Ino,2oGao,goAs  (dark)  and  GaAs  (light)  layers  are  visible  with  hardly  any  evidence  of  structural 
defects  at  the  level  of  the  TEM  resolution.  The  same  was  found  all  the  way  from  the  region 
down  at  the  MQW  substrate  interface  to  the  tc^  of  the  MQW.  Several  mesas  were  examined  and 
the  results  were  the  same.  However,  towards  the  edges  of  the  mesas,  the  layering  was  found  not 
to  be  good  within  2pm  to  3pm  of  the  edges  even  though  no  defects  were  visible  using  the 
customarily  chosen  [llO]  azimuth.  The  presence  of  contiguous  mesa  top  plane,  sidewall  planes 
(typically  (111)  with  some  high  index  facets  such  as  {3ll}/{411},  {11,1,1}  etc)  gives  rise  to 
interfacet  cation  migration  whose  degree  and  nature  is  sensitive  to  the  growth  conditions,  as  we 
have  previously  demonstrated We  therefore  suspect  that  interfacet  migration  is  in  part,  if  not 
largely,  responsible  for  the  degradation  of  the  sharpness  of  layering  near  the  edges  of  the  mesas. 
The  mesa  region  was  further  examined  employing  the  (220)  reflection  with  the  electron  beam 
along  the  [111]  azimuth  since  the  optimum  conditions  for  layer  image  contrast  and  examination 
of  the  defects  are  not  necessarily  the  same.  A  defect  linear  density  slO^cm'Ms  found.  Finally, 
in  fig.  6(c)  is  shown  the  TEM  image  contrast  taken  from  the  valley  region  between  the  mesas 
with  the  electron  beam  along  the  [110]  azimuth.  Once  again,  no  defects  are  visible  and,  at  the 
level  of  TEM  resolution,  the  valley  region  appears  as  good  as  the  central  regions  of  the  mesas. 
The  combined  optical  and  structural  behavior  thus  indicates  that  the  excitonic  features  are  more 
sensitive  to  the  structural  quality  than  the  resolution  of  the  TEM. 

These  results  were  reported  in  publications  4  through  6  noted  in  section  IV. 

Ill  A2  Influence  of  Strain  Induced  Deep  Level  Defects,  Dielectric  Encapsulation  and 
Rapid  Thermal  annealing 

The  role  of  strain  induced  deep  level  defects  (point  complexes  and  dislocations)  in 
influetKing  the  excitonic  absorption  and  electro*absorption  had  not  been  examined  prior  to  the 
studies  undertaken  under  this  contract  and  summarized  in  the  following.  However,  it  is  to  be 
expected  that  deep  levels  associated  with  strain-induced  defects  will  impact  the  electro- 
absorption  behavior  and  that  this  is  an  important  aspect  of  the  optical  properties  of  strained 
MQWs.  Likewise,  in  most  cases,  completion  of  the  pixellated  device  structure  requires 
deposition  of  an  isolation  dielectric  such  as  Si3N4.  The  same  is,  in  fact,  necessary  in  many  cases 
to  examine  the  intrinsic  nature  of  the  electroabsorption  since  application  of  the  reverse  bias  can 
otherwise  be  limited  by  current  leakage  paths  on  exposed  mesa  surfaces  due  to  contamination. 
Deposition  of  a  dielectric  however  then  raises  its  own  associated  concerns  as  to  its  influence  on 
the  optical  characteristics  of  the  MQW  structure,  particularly  when  it  is  strained.  For  these 
reasons,  during  the  course  of  the  previously  noted  investigations  of  the  strained  InGaAs/GaAs 
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MQW  structures  the  results  suggested  that  these  aspects  needed  to  be  examined  to  avoid 
confusion  between  intrinsic  and  extrinsic  influences  on  their  optical  properties.  Consequently, 
some  eRbrt  was  spent  on  these  aspect  even  though  it  was  not  originally  intended. 

It  has  been  known  that  shallow 
dopants  in  multiple  quantum  wells  cause  the 
observed  exciton  feature  to  broaden  monoton- 
ically  with  increasing  bias^^.  By  contrast,  we 
observed  also  an  unusual  phenomenon  of  the 
initial  narrowing  of  the  free  exciton  absorp¬ 
tion  linewidth  with  applied  reverse  bias  in  a 
GaAs/InGaAs  MQW  grown  in  a  p“i(MQW)-n 
structure.  Fig.  7  shows  the  LN2  temperature 
electro-transmission  behavior  of  a  sample 
(RG900420)  which  consists  of  n+  GaAs  (100) 
S400  <Mo  <Mo  9000  substrate.  Si  doped  (5  x  lO^S/cm^)  n+  GaAs 

Wavelength  (A)  buffer,  50  period  undoped  Ino.u^^.89As 

Fig.  7The  LN2  lemperalure  cleclro-lransmlssion 

behavior  of  sample  RG900420.  The  iasei  shows  the  (100A)/GaAs(200A)  MQW  structure,  and  a 
exciton  HWHM  as  a  ftiBctlon  of  applied  bias.  2000A  thick  Be  doped  (2xl0l8/cm3)  p+ 

GaAs  cap  layer.  At  zero  bias,  the  excitonic  feature  is  seen  at  8728A  (1.4201eV)  and  a  "shoulder" 
can  be  observed  at  8756A  (1.4lS6eV).  From  a  separate  PL  measurement,  the  shoulder  is 
identified  to  be  from  the  QWs  adjacent  to  n'*'  buffer  layer.  The  strongest  absorption  occurs  at  a 
reverse  bias  of  -4V  where  the  excitonic  feature  becomes  sharper.  The  half-width  at  half¬ 
maximum  (HWHM)  however  reaches  its  minimum  value  of  2.5  meV  at  -6V  (inset  of  fig. 7) 
although  the  absorption  is  seen  to  decrease  because  of  the  loss  of  the  oscillator  strength.  The 
absorption  decreases  further  at  higher  reverse  bias  and  the  excitonic  absorption  is  tunnel - 
broadened. 

The  usual  charge  transfer  associated  with  shallow  impurities  caimot  explain  this  line  nar¬ 
rowing  phenomenons^.  Through  a  systematic  examination  of  the  sample  behavior  using  electro¬ 
transmission,  electro-photoluminescence,  capacitance-voltage  profiling  and  transmission  electron 
microscopy  we  determined  that  this  unusual  narrowing  is  related  to  the  strain-induced  deep  elec¬ 
tron  traps  located  in  the  nearby  i(MQW)  region.  Under  a  reverse  bias,  as  these  deep  levels  in  the 
MQW  are  lifted  above  the  Fermi  level  of  the  n  region,  the  trapped  charges  increasingly  return  to 
the  n  doped  buffer  layer.  The  band  bending  concommitantly  decreases,  and  the  exciton  line  be¬ 
comes  narrower  until  full  depletion  is  reached.  Fig.  8  shows  the  5  K  photo  luminescence  behavior 
of  this  sample  at  zero  bias  taken  under  Ar'*'  laser  illumination.  A  strong  and  highly  symmetric 
excitonic  feature  was  observed  at  8701 A  (1.4245eV).  The  full  width  at  half  maximum  of  this 
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Fig.8  SK  phololuminesccace  spectnim  showing  the  existence  of  deep  defects. 
The  inset  shows  the  inlegnled  PL  intensity  is  a  function  of  bias. 


feature  is  5.8meV.  Two 
defect  related  features  were 
observed  at 
(1.114eV)  and  1.298nm 
(0.955eV).  All  these  fea¬ 
tures  were  identified  to  be 
from  the  i-region  because 
they  quench  under  an  ap¬ 
plied  bias  (see  inset  in 
Fig.8).  The  defect  related 
features  quench  at  the  same 
rate  as  the  exciton.  It 
should  be  noted  that  the 
features  observed  in  the  PL 
are  from  the  top  few  wells 
close  to  p  cap  layer  and 


870  900  950  1000  1050 

WavelengCh(ani) 


Fig.  9  Behavior  of  the  5K  photoluminescence  spectra  of 
/  Pno.35Gao.65As)i5  (CaAs)4]3/I(AlAs)s(GaAs)2] 
SQW  as  a  function  of  the  RTA  temperature  for  both  as- 
grown  and  Si3N4  encapsulated  specimens 


only  radiative  defects  are 
observed.  Nevertheless,  the  PL  revealed  deep 
defect  related  emission  from  the  strained 
MQWs  not  observed  in  the  p+  cap  layer. 

Finally,  fig.  9  shows  an  illustrtive  ex¬ 
ample  of  the  influence  of  SisNd  on  the  exciton 
behavior  of  strained  single  quantum  well. 
Deposition  of  the  silicon  nitride  is  found  to  in¬ 
duce  a  small  blue  shift  in  the  exciton  peak,  as 
can  be  seen  by  comparing  the  "as-grown" 
peaks  in  Fig.  9(a)  and  (b).  Rapid  thermal  an¬ 
nealing  induces  a  further  blue  shift,  though  not 
as  large  as  that  induced  in  the  unencapsulated 
(i.e.  as-grown)  structures.  The  RTA  induced 
changes  indicate  inter-diffiision  of  the  group 
in  atoms  at  the  GaAs  /  InGaAs  and  InGaAs  / 
AlGaAs  interfaces,  as  illustrated  in  Fig.  9(c). 

These  results  were  reported  in  publica¬ 
tions  3  and  7  noted  in  section  IV. 
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III.B  VERTICAL  TRANSPORT:  RESONANT  TUNNELLING  DIODES 

Besides  the  optical  characteristics  of  thick  MQW  structures  involving  strained 
InGaAs/GaAs  wells,  another  set  of  studies  undertaken  under  this  contract  examined  the  vertical 
transport  behavior  in  highly  strained  InGaAs/AlAs  based  resonant  tunneling  diodes.  These 
studies  were,  in  part,  a  continuation  of  the  transport  studies  in  the  lattice  matched  GaAs/AlGaAs 
system  undertaken  in  the  immediately  preceding  ARO  contract.  Their  connection  to  the  studies 
of  strained  single  and  multiple  quantum  well  structures  on  unpatterned  and  patterned  GaAs(lOO) 
substrates  arises  from  the  same  common  thread,  namely  establishing  the  limits  on  the  advantages 
to  be  had  via  growth  on  prepattemed  mesas.  As  single  epilayers  and  quantum  wells  are  the  first 
two  stages  of  work  leading  to  multiple  quantum  wells  necessary  for  studies  of  the  optical 
absorption  characteristics,  the  single  quantum  Hndings  also  served  to  provide  both  the  platform 
and  the  opportunity  to  examine  the  transport  characteristics  •  both  parallel  and  perpendicular  (i.e. 
vertical)  to  the  interfaces.  However,  under  this  contract  the  studies  were  limited  to  vertical 
transport  and  in  particular  to  the  behavior  of  resonant  tunneling  diodes.  Consequently,  in  the 
following  we  provide  a  summary  of  the  essential  findings. 

Use  of  InxGaj.xAs  wells  and  AlAs  or  AlSb  barriers  in  resonant  tunneling  diodes  (RTD) 
takes  advantage  of  the  higher  conduction  band-edge  discontinuity  (AEc)  and  thereby  cuts  down 

the  non-resonant  currents.  We  demonstrated  a  way  of  improving  the  peak-to-valley  ratio  (PVR) 
in  these  structures  through  use  of  the  lower  bandgap  pseudomorphic  InxGai.}(As  spacers  leading 

to  a  triple  well-double  barrier  structure  as  illustrated  in  Fig.  10. 

The  high  In  content  dictated  by  the 
need  for  high  AEc  gives  rise  to  two  severe 

difflculties;  (i)  for  x  ~0.S,  the  critical 
thickness  for  misfit  (-3.5%)  induced  defect 
formation  is  s  10  monolayers  (ML)  for  the 
individual  layer  itself,  and  (ii)  the  large 
difference  in  the  congruent  evaporation 
temperatures  of  InAs  (380OQ,  GaAs  (650OQ  and  AlAs  (850®C)  imposes  severe  constraints  on 
finding  growth  conditions  suitable  for  the  growth  of  both  AlAs  barrier  and  InxGaj.xAs  well 

layers.  Perhaps  even  more  significant  a  fact  revealed  in  examinations  of  the  kinetics  of  growth  is 
that  growth  of  an  alloy  under  strain  is  far  more  difficult  than  a  binary  compound  for  the  same 
degree  of  strain.  This  is  a  consequence  of  the  differing  influence  of  strain  on  the  migration, 
reaction  and  evaporation  kinetics  of  the  two  components.  In  and  Ga  in  the  present  case. 
Consequently,  new  approaches  to  minimising  the  deleterious  effects  of  strain  need  to  be  sought  if 
the  GaAs/InxGa^.xAs  system  is  to  be  fruitfully  exploited.  We  realized  a  room  temperature  PVR 

of  4.5,  employing  the  triple  well  -  double  barrier  RT  structure  and  pushing  the  well  layer  In 
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content  to  25%  which  was  the  best  reported  at  that  time.  This  is  a  40%  increase  in  PVR  over  a 
10%  In  structure  and  is  a  combined  consequence  of  a  10%  increase  in  the  peak  current  and  a 
20%  decrease  in  the  non-resonant  valley  current.  Both  are  a  consequence  of  the  ground  and  first 
excited  states  (Eq  and  Ej)  of  the  well  moving  down  in  energy  with  respect  to  the  Fermi  energy  in 

the  injecting  n'*'  GaAs  as  the  conduction  band  discontinuity  increases  with  increased  In  content. 
In  the  RTD  structure,  the  spacer  closer  to  the  substrate  is  9  monolayers  (ML)  i.e.  25.5A  thick, 
while  the  one  on  top  is  20ML  thick.  The  well,  lower  barrier,  and  upper  barrier  thicknesses  are 
18ML,  IIML,  and  IIML  respectively.  Hence,  we  have  compared  the  RTDs  grown  on  an 
unpattemed  region  and  on  a  pre-pattemed  region  containing  20  pm  x  20  pm  square,  1  pm  deep 
mesas  in  order  to  achieve  strain  relief  of  the  lattice  mismatched  layers  at  the  mesa  edges.  After 
growth  both  structures  were  processed  into  12  pm  x  12  pm  mesas  for  test.  A  typical  PVR  of  4.2 
(best  device  showed  4.5)  at  300K  and  15  at  77K  was  achieved  with  a  Jp  of  llkA/cm^  at  300K 

and  l3kA/cm2  at  77K.  The  characteristics  of  the  devices  on  the  unpatterned  and  pre-pattemed 
regions  showed  identical  results.  Transmission  electron  microscope  studies  of  various  regions  of 
the  unpatterned  and  patterned  parts  showed  absence  of  misfit  dislocations  in  both  of  these 
regions  and  equally  high  quality  interfaces. 

We  have  pushed  further  the  In  content  to  0.3.  An  RTD  consisting  of  Ino.3Gao.7As  spacer 
(20ML)/AlAs  barrier  (9ML)/Ino.3Gao.7As  well  (23ML)/AlAs  barrier  (9ML)/Ino.3Gao.7As  spacer 
(20ML)  and  grown  at  555°C  showed  very  weak  negative  differential  resistance  (NDR)  in  the 
pre-pattemed  region  and  no  NDR  in  the  unpattemed  region.  Fig.  11  shows  a  (200)  dark  field 
cross-section  image  of  the  structure.  The  bright  layers  are  the  AlAs  barriers  and  the  darkest 
layers  are  the  Ino.3Gao.7As  layers.  Clearly,  Stranski  -  Krastanov  growth  mode  had  set  in  before 

the  first  spacer  layer  growth  was  complete.  Attendant 
with  this  is  a  large  number  of  threading  dislocations 
whose  density  is  around  5x10  /cm  .  The  growth 
temperature  was  obviously  high  enough  to  encourage 
strong  interplanar  migration.  A  second  RTD  was  then 
grown  at  a  lower  temperature  of  425*0  with  a 
Ino.3Gao.7As  spacer  (16ML)  /  AlAs  barrier  (8ML)  /  Ino.3 
Gao.7As  well  (18ML)  /  AlAs  barrier  (8ML)  /Ino.3Gao.7As 
spacer  (16ML)  structure.  The  growth  temperature  was 
however  kept  at  525*C  during  the  growth  of  the  AlAs 
barriers.  The  cross-sectional  (200)  dark  field  image  of 
this  sample  (Fig.  12)  shows  that  by  cutting  down  the 
growth  temperature  one  has  succeeded  in  maintaining  a 
2-D  layer-by-layer  growth  mode  and  the  entire  structure 
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is  smooth  and  continuous.  The  somewhat  smaller  thickness  of  the  Ino.3GaQ_7As  layers  we  believe 
does  not  account  for  the  drastic  change  in  morphology  observed  since  for  the  earlier  sample 
(grown  at  555‘’C),  it  is  quite  clear  from  the  TEM  micrograph  (and  also  observed  in  RHEED 
during  growth)  that  the  3-D  islanding  had  set  in  before  the  first  spacer  layer  (thickness  20  ML) 
growth  was  completed.  Attendant  with  this  smooth  morphology,  the  TEM  analysis  shows  a 
reduction  in  the  defect  density  itself.  No  defects  were  observed  in  the  cross-sectional  studies:  the 
defect  density  therefore  is  <10  cm  in  this  sample.  The  electrical  characteristics  show  strong 
resonant  tunneling  behavior.  The  room  temperature  peak  to  valley  ratio  is  5.2  at  a  peak  current 
density  of  32kA/cm^.  This  was  the  the  best  result  reported  at  that  time  for  alloy  InxCaj.^As 
/AlAs  based  RTDs  grown  on  GaAs  substrates. 

These  results  were  reported  in  publications  8  through  10  noted  in  section  IV. 

III.C  GROWTH  ON  GaAs(lll)B  AND  REALIZATION  OF  THREE  DIMENSIONALLY 

CONHNED  STRUCTURES  VIA  ONE-STEP  GROWTH  PROCESS 

Realization  of  semiconductor  heterc»tructures  that  are  also  confined  in  the  growth  plane 
(i.e  lateral  directions)  on  sub  lOOnm  length  scales  is  a  subject  attracting  much  attention.  Two 
dimensionally  confined  structures  (i.e  wires)  on  nonplanar  patterned  GaAs  (100)  have  been 
realizedl^  by  exploiting  the  behavior  of  GaAs  growth  at  the  bottom  of  V-shaped  valleys  between 
long  mesas  (ridges).  The  particular  aspect  of  growth  on  nonplanar  patterned  substrates  that  we 
exploit  is,  however,  a  bit  different  in  its  approach  and  offers  wider  applicability.  It  is,  in  fact,  an 
approach  employed  earlier^'^  to  realize  confinement  in  one  lateral  direction  (i.  e.  wire-like 
structures)  via  growth  on  top  of  mesas  on  GaAs  (100).  We  refer  to  this  approach  as  the  substrate 
encoded  size  reducing  epitaxy  (SESRE).  Utilizing  the  SESRE  approach  we  have  achieved  the 
first  realization  of  r/iree-dimensionally  confined  structures  (i.e.  boxes)  via  growth  on  nonplanar 
patterned  GaAs(lll)B  substrates. 

The  potential  advantages  of  the  in-situ  one-step  growth  controlled  approaches  lo 
realization  of  laterally  confined  structures  over  the  more  traditional  approaches  that  employ  post¬ 
growth  processing  to  achieve  pixels  of  nanostructure  dimensions  lie  in  the  ability,  in  principle,  lo 
minimize  contamination  and  processing  induced  surface  and  subsurface  damage  faced  in  the 
traditional  approaches.  These  potential  advantages  however  come  at  the  cost  of  increasingly 
complex  growth  control.  Nevertheless,  the  in-situ  growth  approaches  offer  a  class  whose 
potential  is  worth  assessing,  along  side  the  post-growth  processing  ^proaches.  The  particular 
objective  of  the  SESRE  approach  is  to  find  growth  conditions  such  that  the  attendant  migration 
kinetics  of  the  impinging  species  during  growth  lead  simultaneously  to  (i)  either  preservation  of 
an  appropriately  chosen  as-patterned  shape  or  self-generation,  via  growth,  of  appropriate  new 
facets,  and  (ii)  reduction  in  the  mesa  top  size.  If  such  could  be  achieved  then  the  as-patterned 
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mesa  size  can  be  intentionalfy  kept  significantly  (an  order  of  magnitude)  larger  than  the 
eventually  desired  nanostructure  size  scale.  Then,  via  a  buffer  layer  growth,  it  can  be  reduced  to 
the  desired  nanostructure  size  regime  to  create,  in-situ,  an  array  of  templates  suited  for  the 
growth  of  the  quantum  well  nanostructures. 

To  fully  exploit  the  potential  of  such  approaches  an  understanding  of  the  driving  forces 
contributing  to  the  direction  of  migration  is  the  key.  We  have  offered  a  framework  based  upon 
the  atomistic  structural  and  chemical  nature  of  the  facets  involved  and  the  relative  competition 
between  the  driving  forces  arising  from  the  electronic  energies  of  stepped  surfaces  and  the 
chemical  potential  gradient  induced  by  the  incident  flux.  The  tendency  for  migration  from  the 
{311}  side  walls  to  the  (100)  mesa  top  was  thus  encoded  by  choosing  the  patterning  direction 
such  that  the  As  dangling  orbitals  on  the  side  facets  are  parallel  to  the  direction  of  the  ridge  and 
thus  the  repulsive  nature  of  the  ledge-ledge  interaction  energy!^  provides  a  driving  force 
opposite  to  the  incident  flux  induced  built-in  direction  of  the  chemical  potential  gradient  from  the 
mesa  top  towards  the  side  wall.  Under  appropriate  growth  conditions  then  the  net  direction  of 
migration  was  made  to  be  from  the  side  walls  to  the  mesa  top.  We  note  that  choosing  a 
patterning  direction  such  that  the  As  dangling  orbitals  on  the  (100)  mesa  top  are  perpendicular  to 
the  ridge  direction  does  not  permit  encoding  the  desired  {311}  side  facet  to  (100)  mesa  top 
direction  of  interfa<xt  migration  due  to  the  attractive  ledge-ledge  interaction  energy  acting  in 
concert  with  the  direction  of  chemical  potential  gradient.  This  is  manifest  in  the  work  of  Smith  et 
al  and  Mannoh  et  al  which  observed  laterally  expanding  mesa  top  for  patterning  along  such 
a  direction.  Evidently,  the  ability  to  realize  appropriate  directionality  of  migration  is  thus  tied  to 
an  appropriate  choice  of  the  mesa  shape,  the  atomic  nature  and  orientation  of  the  orbitals  and 
control  of  chemical  potential  gradients  via  choice  of  growth  conditions.  Hence  we  refer  to  such  a 
process  as  substrate  encoded  size  reducing  epitaxy  (SESRE). 

Essentially  all  the  work  reported  to  date  following  this  one-step  in-situ  appoach  has  been 
restricted  to  the  realization  of  structures  with  confinement  in  the  growth  plus  one  lateral  direction 
i.  e.  quantum  wires.  This  is  a  consequence  of  the  use  of  (001)  substrates  (singular  or  vicinal). 
Due  to  the  lack  of  a  higher  order  symmetry  element  perpendicular  to  (001),  simultaneous  size 
reduction  along  mote  than  one  lateral  direction  required  for  the  fabrication  of  quantum  boxes  (i.e. 
3D  confined  structures)  appears,  at  best,  to  be  difficult  on  the  (001)  orientation,  although  there 
has  been  at  least  a  reportl®  of  having  overcome  the  symmetry  problem.  The  {111}  surface  on  the 
other  hand,  has  a  3-fold  axis  of  symmetry  perpendicular  to  the  surface  and  thus  offers  the 
possibility  of  realizing  (Aree-dimensionally  confined  structures  via  a  one-step  growth  process  on 
pre-pattemed  nonplanar  substrates  containing  laterally  bounded  pyramidal  mesa  shapes  that  offer 
the  ability  to  encode  the  direction  of  interfacet  migration  and  thus  achieve  size  reduction  in  both 
lateral  directions  during  growth.  For  this  reason  the  GaAs(lll)B  orientation  was  chosen  in  this 
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work.  As  growth  on  even  the  planar  (i.e.  unpatterened)  GaAs(lll)B  surface  had  not  been 
successful  prior  to  our  work,  such  growth  was  examined  and  brought  under  control  first.  The 
discussion  that  follows  thus  first  discusses  growth  on  unpattemed  GaAs(lll)B  and  then  growth 
on  patterned  GaAs(l  11)B. 

IILCl  GaAs  Honneopltaxy  &  Growth  Control 

The  first  problem  encountered  in  molecular  beam  epitaxical  (MBE)  growth  on 
GaAs(lll)B  is  the  surface  morphology  of  the  grown  layer.  The  grown  surfaces  are  found  to  be 
easily  marred  by  pyramiddike  structures  first  reported  by  Cho^^.  Twins^O  are  also  easily  formed 
during  growth.  The  early  work  of  Cho  et  al  found  some  growths  with  no  pyramids  but  with  sur¬ 
face  striations  on  nominally  non-misoriented  substrates!^.  Good  surface  morphology  has  been 
realized  recently  using  tilted  (lll)B  GaAs  substrates^!  via  conventional  MBE,  or  via  migration 
enhanced  epitaxy  (MEE)^^  on  non-misoriented  substrates.  An  effective  and  reproducible  way  to 
control  the  usual  MBE  growth  on  the  commonly  employed  GaAs(lll)B±0.1°  substrates  had  not 
been  achieved  prior  to  our  work  under  this  contract.  We  succeeded  in  the  first  such  growth  con¬ 
trol  via  real  time  monitoring  of  the  specular  beam  intensity  in  RHEED  from  static  and  dynamic 
GaAs(lll)B  surfaces.  GaAs  epilayers,  twin  free  and  with  specular  surface,  were  thus  realized  on 
non-misoriented  GaAs(lll)B  via  conventional  MBE,  using  the  optimized  growth  parameter 
space  identified  in  terms  of  the  starting  surface  phase  diagram  and  the  temporal  behavior  of 
RHEED  specular  beam  intensity.  The  growth  conditions,  namely,  arsenic  pressure  and  substrate 
temperature  for  a  certain  growth  rate,  resulting  in  mirror-like  grown  surface  morphology  were 
found  to  lie  in  a  narrow  zone  in  the  surface  phase  diagram  defined  by  the  RHEED  intensity 
measurements.  The  temporal  variation  of  the  RHEED  specular  beam  intensity  was  used  to 
monitor  the  growth  in  real  time.  Since  these  are  inherent  characteristics  of  the  surface  and 

independent  of  specific  growth  machines  and 
monitoring  gauges,  they  can  be  generated  for 
each  growth  system  thus  enabling  reliable  and 
reproducible  growths  on  GaAs(lll)B 
substrates. 

Fig.  13  shows  the  RHEED  specular 
beam  intensity  (Iq)  dependence  on  the 
substrate  temperature(Ts)  for  a  static  (i.e.  no 
growth)  GaAs(lll)B  surface  at  a  constant  AS4 
pressure.  It  can  be  used  as  an  indicator  of  the 
surface  phase  due  to  the  dramatic  changes  in 
the  intensity  at  the  phase  boundaries.  This  also 
allows  more  precise  measurement  of  the 
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Fig.  13  SUlic  RHEED  spcculir  spot  intensity  (Iq) 
variition  with  substrate  temperature. 
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boundaries  of  surface  reconstructions  than  is  possible  by  visual  observation  of  the  RHEED 
pattern  .  As  expected,  increasing  arsenic  pressure  pushes  the  curve  towards  higher  temperatures. 
The  plot  of  the  temperature  surface  phases  as  a  function  of  arsenic  pressure  then  gives  the  static 
surface  phase  diagram  as  shown  in  Fig.  14. 


Static  Surface  Phase  Diagram 
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Fig.l4  VariaUon  io  the  temperature  edges  of  surface 
phases  with  arsenic  pressure. 


The  surface  morphology  was  examined 
by  using  the  static  surface  phase  diagram  as  a 
guideline.  The  growth  rate  was  kept  fixed  at 
around  0.3  ML/sec.  All  films  grown  under 
substrate  temperature  and  arsenic  pressure 
combinations  which  corresponded  to  the  static 
surface  having  the  2'fold  reconstruction  had 
surfaces  marred  with  triangular  surface 
features  associated  with  bulk  twin  of  the 
density  of  the  order  of  lO^/cm^  and  surface 
pyramids  which  usually  overlapp  one  another 
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making  an  estimation  of  their  density  difficult.  Films  grown  under  conditions  corresponding  to 
the  static  surface  being  in  the  transition  regime  had  a  lower  density  of  twins  and  surface 
pyramids  each  of  the  order  of  lO^/cm^.  Films  grown  with  the  static  surface  near  the  low 
temperature  edge  of  the  intensity  plateau  corresponding  to  the  v^l9  reconstruction  does  not  show 
any  bulk  twin  features  but  still  has  pyramids.  Film  grown  at  10*^C'30®C  below  the 

point  indicated  in  Fig.l3.  completely  devoid  of  macroscopic  surface  features  and  is  thus  mirror- 
smooth. 

Fig.  IS  shows  the  temporal  variation  in  the 
specular  spot  intensity  during  growth  (dynamic 
RHEED)  of  a  specular-surface  film.  The  average 
intensity  remained  constant  through  out  the 
growth  and  the  intensity  rapidly  increases  upon 
the  termination  of  the  growth.  Growths  which  did 
not  have  these  characteristics  resulted  in  films 
with  surfaces  marred  with  macroscopic  features. 
The  nature  of  the  dynamic  RHEED  can  thus  be 
used  to  monitor  the  macroscopic  surface 
morphology  of  a  growing  film  in  real  time. 

It  should  be  noted  that  the  application  of  RHEED  intensity  measurements  to  growth 
control  mentioned  above  is  based  on  a  systematic  study  of  the  nature  of  RHEED  specular  beam 
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intensity,  namely,  the  relation  between  the  surface  atomic  structure,  morphology  and  the  beam 
intensity  behavior. 

These  results  were  reported  in  the  publications  11  through  14  noted  in  section  IV. 

III.C2  Laterally  Confined  Growth 

Crystalline  semiconductors  have  long  been  known  to  exhibit  differences  in  the  chemical 
reactivities  of  the  various  crystallographic  planes.  These  differences  result  in  the  preferential 
etching  of  certain  planes  over  others  in  surface-reaction-rate  limited  wet  etchants,  most  of  which 
proceed  by  oxidation  of  the  surface.  The  three- fold  symmetry  of  the  {111}  surface  as  opposed  to 
the  two-fold  symmetry  of  the  (100)  surface  makes  it  reasonable  to  expect  wet  chemical  etching 
of  (lll)B  substrates  to  yield  mesa  profiles  different  from  that  observed  on  (100)  substrates.  We 
studied  the  etching  behavior  of  GaAs  (lll)B  and  GaAs/AlGaAs  (lll)B  multiple  quantum  wells 
grown  on  GaAs  (lll)B  substrates  and  demonstrated  the  potential  for  realising  laterally  confined 
quantum  wells  with  dimensions  small  enough  to  give  rise  to  quantum  confinement  of  the 
electronic  states. 

Fig.  16(a)  is  a  scanning  electron  microscope  (SEM)  image  of  an  array  of  mesas  on  an  As 
terminated  GaAs  (lll)B  (±0.1®)  substrate.  The  array  was  created  by  photolithographically 
defining  an  array  of  5  iim  square  resist  patterns  aligned  along  a  <110>  direction  followed  by  wet 
chemical  etching.  Fig.  16(b)  is  a  magnified  view  of  a  typical  mesa.  Each  mesa  is  a  truncated 
triangular  pyramid  (in  keeping  with  the  3-fold  symmetry  of  the  surface).  The  mesa  top  is  (lll)B 
and  the  three  side  facets  are  of  the  {100}  type.  The  sides  of  the  mesa  top  can  be  decreased  from 
the  initial  pattern  size  all  the  way  down  to  practically  zero  depending  only  on  the  duration  of 
etching.  Templates  with  arbitrarily  small  areal  dimension  can  thus  be  created. 


Fig.  16(a)  Fig.  16(b) 


Fig.  17  is  a  TEM  {2(X)}  dark  field  image  of  an  etched  mesa  of  a  layered  structure 
consisting  of  13  periods  10  monolayer(ML)  Alg  3Gao.7As  /  40ML  GaAs  and  finally  a  lOML 
AlojGao  jAs  /  20  ML  GaAs  capping  layer.  Etching  was  continued  until  the  mesas  pinched-off.  It 
is  worth  noting  that  the  imaged  sample  was  not  subjected  to  conventional  TEM  sample 
preparation  techniques  (i.e.  mechanical  polishing  followed  by  ion  thinning)  in  order  to  achieve 
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electron  transparency  since  the  tips  of  the  as- 
patterned  mesas  are  thin  enough  to  be  electron 
transparent.  The  contrast  from  all  13  periods 
Alo.aGao  7AS  (bright)  barriers  separating  the  GaAs 
(dark)  wells  can  be  seen.  Fig.  18  is  a  <01 1> 
azimuth  lattice  resolved  TEM  image  of  a  mesa 
showing  the  top  three  wells.  The  topmost  AlGaAs 
layer  is  identied  by  the  characteristic  indentation  at 
the  left  edge  of  the  image  caused  by  the  difference 
in  etch  rates  of  GaAs  and  Alo.3Gao.7As.  Above  this 
AlGaAs  layer  exists  the  last  GaAs  layer  which 
corresponds  to  the  capping  layer  of  the  grown 
structure.  This  last  GaAs  layer  is  measured  to  be 
about  12ML  high  and  has  a  triangular  base  with 
280A  long  sides.  This  corresponds  to  a  volume 
containing  approximately  2.2x10^  atoms.  The 
GaAs  well  #13  is  a  truncated  pyramid  34  ML  high 
with  the  length  of  the  sides  of  the  bottom  triangle 
measuring  571A  and  that  of  the  top  triangle 
measuring  329A  corresponding  to  a  volume  of 
4.2x10^  atoms.  These  volumes  compare  favorably 
with  quantum  boxes  estimated  to  contain  1.4x10^  atoms  created  on  the  (100)  surface  in  the 
InGaAs/InP  system  via  elearon  beam  lithography  followed  by  ion  milling^^. 

We  now  present  our  findings  for  the  growth  of  rAree-dimensionally  confined  structures 
utilizing  our  SESRE  approach  on  the  GaAs  (lll)B  substrates  containing  the  pyramidal  mesas 
shown  in  fig.  16.  This  is,  in  fact,  the  first  effort  to  achieve  three  dimensional  confinement  via 
growth  on  nonplanar  patterned  substrates.  The  as-pattemed  substrate  contained  mesas  with  the 
sides  of  the  triangular  tops  ranging  from  O.Sfim  to  1.8^m.  The  growth  sequence  consisted  of  an 
initial  lOML  Alo.3Gao.7As  marker  layer  grown  on  the  deoxidized  surface,  a  GaAs  buffer  layer, 
an  MQW  consisting  of  13  periods  of  lOML  Alo.3Gao.7As/  40ML  GaAs  followed  by  a  lOML 
Alo.3Gao.7As/  20ML  GaAs  cap.  In  Fig.  19  is  shown  a  cross-sectional  TEM  image  of  a  typical 
mesa.  The  initial  AlGaAs  marker  layer  determines  the  linear  dimension  of  the  as-pattemed  mesa 
to  be  0.6  pm.  The  {200}  dark  field  image  clearly  brings  out  the  compositional  contrast  between 
the  GaAs  (dark)  and  AlGaAs  (bright)  layers.  Besides  the  original  (lll)B  plane,  a  new  plane 
making  a  19®  angle  with  (lll)B  and  identified  to  be  of  the  {211}  type  has  emerged  during 
growth.  The  lateral  dimension  of  the  layers  growing  on  the  (lll)B  plane  is  seen  to 


Fig.  18 
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monotonically  decrease  with  growth  under  the 
growth  conditions  employed.  After  the  7th  period 
of  the  MQW,  the  mesa  top  dimension  has  been 
reduced  to  about  500  A.  Deposition  of  the  8th 
GaAs  layer  (indicated  in  fig.  19  by  a  black  arrow) 
pinches  off  the  mesa,  giving  a  laterally  confined 
pinched-off  GaAs  pyramid  of  height  ~130A.  This 
can  be  clearly  seen  in  the  profile  of  the  9th 
AlGaAs  barrier  layer  of  the  MQW  which  has  no 
segment  parallel  to  (111).  The  remainder  of  the 
grown  structure  buries  the  pinched-off  mesa. 

The  second  sample  is  comprised  of  a  5 
period  multiple  quantum  well  buffer  made  of  lOML  Alo.3Gao.7As  /  40ML  GaAs,  a  nominal 
60ML  Alo.3Gao.7As  /  40ML  GaAs  /  60ML  AlojGao.7As  single  quantum  well  (SQW),  and 
finally  a  GaAs  cap.  Fig.  20(a)  is  a  {200}  daik  field  TEM  image  of  the  growth  on  a  typical  mesa 
top.  The  image  clearly  demonstrates  the  lateral  finiteness  of  all  layers  on  the  mesa  top.  The  mesa 
SQW  lying  along  (lll)B  has  a  lateral  dimension  of  approximately  2500A.  Fig.  20(b)  is  a 
magnified  image  of  the  quantum  well  showing  its  high  structural  perfection.  As  the  laterally 
finite  SQW  was  realized  in-situ,  the  adverse  influence  of  surface  contamination  faced  in  ex-situ 
patterning  approaches  is  not  expected  to  be  faced  here.  This  is  evidenced  by  the 
cathodoluminescence  (CL)  results  in  Fig.  21.  Fig.  21(a)  is  a  spectral  scan  taken  from  a  typical 
mesa  top  .  The  8300  A  peak  is  attributed  to  bulk  GaAs.  The  7980  A  peak  is  from  the  SQW.  Fig. 
21(b)  is  a  line  scan  at  7980  A  taken  across  the  mesa.  The  7980  A  intensity  peaks  at  the  mesa  top 
indicating  that  the  signal  is  coming  primarily  from  the  layers  on  the  mesa  top. 


Fig.  20(a) 


Fig.  20(b) 
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Fig.21  :  (a)  CL  spectral  scan  taken  Crom  mesa  top.  (b)  CL  line  scan  at  X=798  nm  taken  across  mesa 
These  results  were  reported  in  the  publications  15  through  18  noted  in  the  section  IV. 
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